We discuss phenomenological aspects of models whose scalar sector is extended by an isospin doublet scalar and a complex singlet scalar as an effective theory of supersymmetric models with mixed sneutrinos. In such models, the lighter of the mixed neutral scalars can become a viable dark matter candidate by imposing a U (1) symmetry. We find that the thermal WIMP scenario is consistent with the cosmological dark matter abundance when the mass of the scalar is half of that of the discovered Higgs boson or larger than around 100 GeV. We also point out that, with an additional isospin singlet Majorana fermion mediator, even the mass of the scalar WIMP less than around 5 GeV is compatible with the observed dark matter abundance. We show that such cosmologically allowed regions can be explored at future collider experiments and dark matter detections.
I. INTRODUCTION
The discovery of the Higgs boson with a mass of 125 GeV [1, 2] and measurements of its properties at the CERN Large Hadron Collider (LHC) have established the Higgs mechanism, on which the Standard Model (SM) of particle physics is based. Although no clear evidence against the SM has found at collider experiments, several phenomena that necessitate a new theory underlying the SM have been reported mainly from the cosmological and astrophysical observations. These include the existence of dark matter (DM), the baryon asymmetry of the Universe, the cosmic inflation as well as neutrino oscillations. We are obliged to build new models beyond the SM and to develop methods for distinguishing them in order to approach the fundamental theory.
Weakly Interacting Massive Particles (WIMPs) χ are ones of the most promising candidates for the DM in our Universe, whose abundance is determined to be Ωh 2 = 0.1 by the data obtained at the WMAP [3] and Planck observations [4] . If the thermal relic abundance of the WIMPs coincides with the observed value above, the energy scale of the new model containing the WIMP is set at around the terascale. Therefore, WIMP models can be explored by using data obtained at the operative LHC Run-II and the future electron-positron colliders, such as International Linear Collider (ILC) [5] [6] [7] [8] , the Compact LInear Collider (CLIC) [9] and the Future Circular Collider of electrons and positrons (FCC-ee) [10] , as well as many DM direct and indirect detection experiments.
Let us take a closer look at the nature of Such a prescription is common in order to avoid the direct DM search constraints in the literature, for example, in the inert doublet scalar model [11, 12] . On the contrary, SU (2) singlet WIMPs, by definition, do not interact with the Z-boson. Thus, small scattering cross sections with nuclei are predicted, and the direct DM search limit has been relatively easily avoided. As one of the simplest models, singlet scalar DM models have been intensively investigated as the operator between real singlet scalar WIMP and the SM Higgs doublet left-handed and right-handed sneutrinos significantly mix due to the large sneutrino trilinear coupling falls in this category [16] [17] [18] [19] [20] .
In this Paper, we investigate the phenomenology of scalar-type doublet-singlet mixed DM models as simplified models of the mixed sneutrino DM models: Since the quantum numbers of the introduced scalar doublet (singlet) in this Paper is the same as those of the left-handed sleptons (right-handed sneutrinos), the mixed sneutrino models are reduced to our model if all the other superparticles decouple and SUSY relations among couplings are relaxed.
Hence, while our model is strongly motivated by the mixed sneutrino models, differences that stem from the absence of SUSY relations among couplings can also be easily found by comparing the results of this Paper with those of previous studies on mixed sneutrino models. We examine the parameter space consistent with the cosmological DM abundance. 
We introduce a complex scalar isospin doublet η and singlet s in addition to the SM particle contents. These new fields, s and η, as well as the left-and right-handed leptons, The quantum numbers of the electroweak fields above are listed in Table I . Then, the scalar potential allowed by the SU(3) C ⊗SU(2) L ⊗U(1) Y ⊗U(1) X symmetries and renormalizability is written as
where µ 2 's, λ's and A are mass and coupling parameters. It should be noticed that, because of the U(1) X symmetry, the scalar potential does not contain the CP violating operator, 
with λ ≡ λ 3 + λ 4 . The mass eigenvalues and the mixing angle satisfy m χ 1 < m χ 2 and −π/2 < θ χ < π/2. The lighter state χ 1 is stable and identified with the WIMP candidate in our model. The masses of the charged components η ± are given by
Ones of the most important interactions of the WIMP χ 1 in our analysis are the couplings to the Z-boson and to the SM Higgs boson h, which depend on the mixing angle θ χ as
III. EXPERIMENTAL CONSTRAINTS
Here we discuss experimental constraints on the parameter space of our model. In the framework of the standard thermal WIMP production scenario, the DM abundance as well as direct and indirect DM detection results impose significant constraints on the WIMP properties. Null results of collider searches for new particles also considerably constrain the model parameter space. We list notable experimental bounds adopted in our analysis in Table II , and describe them below.
The DM relic density Ωh 2 is determined through cosmological observations, most notably by WMAP [3] and Planck [4] . Taking the possibility that nonthermal WIMP production contributes to the WIMP abundance into account, we consider the value of Ωh 2 shown in processes. This argument puts the lower bound to the mixing angle θ χ . We also explore [27] Br(h → inv.) < 0.23 (95% CL) [28, 29] parameter regions where coannihilation processes become important. For a WIMP with a mass around 5 GeV, the CDMSlite experiment imposes the most stringent upper limit as σ Nucleon O(10 −41 ) cm 2 [23] . In our model, the spin independent cross section of χ 1 is mediated by the Higgs boson and Z-boson.
The measurements of fluxes of various cosmic rays serve as indirect DM searches. The most stringent limit on the DM annihilation cross section has been obtained from diffuse γ-ray flux from dwarf spheroidal galaxies by Fermi-LAT [24, 25] . No γ-ray signal from DM annihilation in the Small Magellanic Cloud puts a similar bound on the WIMP annihilation cross section [26] . In addition, Super-Kamiokande results can impose upper limits on WIMP annihilation cross sections by non-observation of neutrinos from the Sun [30] , which might be important for WIMPs with a mass less than around 10 GeV. However, those indirect search constraints are not so stringent as others. Therefore, these indirect search limits do not explicitly appear in our later plots although we take them into account. [27] and LHC [28, 29] . Since these decay widths are proportional to sin 4 θ χ , the null results impose the upper limit on sin θ χ . Moreover, collider experiments set bounds on the masses and couplings of yet-to-be-discovered particles though 
IV. NUMERICAL RESULTS
With the aid of LanHEP [31] , which automatically generates Feynman rules, we implement our mixed complex scalar WIMP model into the public codes micrOMEGAs [32] and CalcHEP [33] , which allows for automated computations of the properties of DM and associated new particles. All numerical results presented here are obtained with micrOMEGAs and
CalcHEP. As benchmark scenarios in our analysis, we take the scan bounds and reference values listed in Table III . It should be noticed that the hχ 1 χ * 1 -coupling given in Eq. (4) controls both the WIMP-nucleon scattering cross section and annihilation cross sections. Thus, the effect of the variation of λ or λ Hs can be absorbed by the change of the third term, and thus the viable mass range of χ 1 is not altered. Moreover, the first term in the hχ 1 χ * 1 -coupling is strongly suppressed by sin 2 θ χ , and thus negligible in many cases. From this observation, we fix the values of the parameters λ and λ Hs at those motivated in the mixed sneutrino WIMP scenarios [16] [17] [18] [19] [20] , where λ = (m In the red mesh region, the resultant relic abundance exceeds the observed DM density [4] .
The green mesh region is excluded by the LUX experiment [22] . The purple solid line indicates the expected reach by the XENON-1T experiment [34] .
The WIMP-nucleon scattering is induced mainly by the Z-boson exchange diagram for for m χ 2 1000 GeV, and by the Higgs boson one for m χ 2 1000 GeV. This fact leads to the break of the direct detection limit around m χ 2 ≃ 1000 GeV in Fig. 1 . Since m χ 1 ≃ m h /2, the s-channel Higgs boson exchange process is the dominant annihilation mode and controls the the relic density. For this process, the most relevant interaction is the third term of hχ 1 χ * 1 -coupling in Eq. (4), which is rewritten as
Namely, a larger mass deference between χ 1 and χ 2 leads to a smaller relic density, resulting in a viable region for m χ 2 1000 GeV. As can be seen from Fig. 1 , the current allowed region can be ruled out by the XENON-1T experiment.
B. Large WIMP mass region
Constraints from direct DM searches become weaker as the WIMP mass is increased for m χ 1 100 GeV, leading to another viable mass region. 
section, we show that a GeV-mass WIMP is also feasible by introducing only one light Majorana fermion ψ that mediates WIMP annihilation into the model described in Sec. II.
We assume that the newly introduced Majorana fermion is totally singlet under all the SM gauge symmetry as well as the global U(1) X symmetry. The quantum numbers of the electroweak particles of this new model is summarized in Table IV . Then, interaction terms among the inert doublet, the left-handed lepton doublets and the Majorana fermion are allowed with their couplings dependent on the lepton generations. Assuming a hierarchical relation in these couplings, we introduce only the interaction with the third generation left-handed lepton as
with Y being a Yukawa coupling constant. In the mass eigenstates, this interaction is expressed as
The bottom line is that with this additional interaction, GeV-mass WIMPs can annihilate into a pair of anti-tau neutrinos through the t-channel ψ exchange, χ 1 χ 1 →ν τντ .
A. Experimental constraints
The experimental constrains described in Sec. III also apply to the new WIMP model with a Majorana mediator. In addition, the existence of the new decay modes η ± → τ ± χ ( * )
1 , which are induced by the Yukawa interaction in Eq.(6), imposes another constraint on η ± .
It should be noticed that similar processes are analyzed in the context of SUSY models.
Non-observation of signals of two leptons plus a missing energy sets bounds on slepton masses [35] [36] [37] [38] . Searches for the stauτ through the decay into the lightest neutralinoχ 0 , τ → τχ 0 1 , at the LHC experiment impose the lower limit on the mass of the stau as [38] mτ
for a massless neutralino. For simplicity, we apply this bound on the mass of the charged inert scalar η ± in our model.
B. Numerical results
Our numerical results in the model with the Majorana mediator are shown in Fig. 3 for m χ 1 < 10 GeV and in Fig. 4 for 100 GeV < m χ 1 < 1000 GeV.
In using the polarization configuration of (P e − , P e + ) = (+80%, −30%) [40] . In our numerical calculations, we take m 
VI. CONCLUSIONS
We have investigated phenomenological implications of the complex scalar WIMP that is an admixture of an isospin doublet scalar and a complex singlet scalar. This class of model is naturally realized in SUSY models equipped with right-handed sneutrinos that have large trilinear scalar couplings. Due to a hypothetical global U(1) symmetry, the lighter mixed neutral scalar is stabilized, and thus become a WIMP. We have shown that there are two viable WIMP mass ranges where the WIMP abundance is consistent with the DM abundance: m χ 1 ≃ m h /2 and m χ 1 100 GeV. We have also pointed out that by introducing an additional isospin singlet Majorana fermion, the constraint from the dark matter abundance can be satisfied even when the mass of the WIMP is smaller than around 5 GeV. These cosmologically allowed regions can be further probed at upgraded DM detection experiments and future collider experiments.
